Airway infections associated with cystic fibrosis (CF) are polymicrobial. We reported 24 previously that clinical isolates of P. aeruginosa promote the growth of a variety of 25 streptococcal species. To explore the mechanistic basis of this interaction, we performed a 26 genetic screen to identify mutants of Streptococcus sanginuis SK36 whose growth was no 27 longer enhanced by P. aeruginosa PAO1. Mutations in zinc uptake systems of S. sanginuis 28 SK36 reduced growth of these strains by 1-3 log compared to wild-type S. sanginuis SK36 29 when grown in coculture with P. aeruginosa PA01, while exogenous zinc (0.1-10 μm) rescued 30 the coculture defect of zinc uptake mutants of S. sanginuis SK36. Zinc uptake mutants of S. 31 sanginuis SK36 had no obvious growth defect in monoculture. Consistent with a competition 32 for zinc driving coculture dynamics, S. sanginuis SK36 grown in coculture with P. aeruginosa 33 showed increased expression of zinc uptake genes compared to S. sanginuis grown alone. 34 Strains of P. aeruginosa PAO1 defective in zinc transport also supported more robust growth 35 by S. sanginuis compared to coculture with wild-type P. aeruginosa PAO1. An analysis of 118 36 CF sputum samples revealed that total zinc levels varied from ~5-145 μM. At relatively low 37 zinc levels, Pseudomonas and Streptococcus were found in approximately equal abundance; 38 at higher zinc levels, we observed an increasing relative abundance of Pseudomonas and 39 decline of Streptococcus, perhaps as a result of increasing zinc toxicity. Together, our data 40 indicate that the relative abundance of these microbes in the CF airway may be impacted by 41 zinc levels. 42 IMPORTANCE. Polymicrobial infections in CF likely impact patient health, but the 43 mechanism(s) underlying such interactions are poorly understood. Here we show that 44 interactions between Pseudomonas and Streptococcus are modulated by zinc availability 45 using an in vitro model system, and clinical data are consistent with this model. Together with 46 previous studies, our work supports a role for metal homeostasis as a key factor driving 47 49
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To determine whether the interactions between Streptococcus and P. aeruginosa also occur 148 when these microbes are grown in the presence of airway cells derived from patients with CF, 149 we extended our observation to CF-derived bronchial epithelial cells homozygous for the 150 ΔF508 allele of CFTR (referred to as "CFBE monolayers" hereafter) (54). We evaluated S. 151 sanguinis SK36 growth on CFBE monolayers in the absence or presence of P. aeruginosa 152 cells or supernatants. As a control, S. sanguinis growth on tissue culture plates without host 153 cells was also included (Fig. 1D , left-most column, plastic). Interestingly, S. sanguinis growth 154 enhancement was observed with monocultures biofilms on host cells, and P. aeruginosa cells 155 and supernatants further enhanced the growth of S. sanguinis SK36 (Fig. 1D ). Collectively, 156 our results demonstrate that the ability of P. aeruginosa PAO1 cells and supernatant to 157 promote the growth of S. sanguinis SK36 under a variety of conditions. 158 Identification of S. sanguinis mutants defective in growth enhancement mediated by P. 159 aeruginosa. To identify S. sanguinis genes that are potentially required for the increase in S. 160 sanguinis SK36 growth in the P. aeruginosa PAO1-S. sanguinis SK36 coculture, we 161 performed a genome-wide screen of an available comprehensive S. sanguinis SK36 mutant 162 library (55), which covers ~90% of the predicted 2270 protein coding genes in the S. 163 sanguinis SK36 genome. In this screen we sought to identify mutants with reduced 164 enhancement phenotypes in the presence of P. aeruginosa PAO1 ( Fig. 2A ). Of 2048 mutants 165 screened, a total of 80 mutants showed a measurable and repeatable reduction in the 166 enhancement of S. sanguinis growth (Table S1 ).
167
Among those 80 candidates, mutations were found in genes belonging to a wide variety of 168 functional classes (Fig. 2B) , including: (i) carbohydrate transport and metabolism (SSA_0222, 169 SSA_0773, SSA_1261, SSA_1521, SSA_1749, etc.), (ii) amino acid transport and 170 metabolism (SSA_0564, SSA_1043, SSA_1044, SSA_1341-1343 , (iii) cell division and 171 cell envelope biogenesis (SSA_0015, SSA_0655, etc.), (iv) coenzyme metabolism 172 (SSA_1201, SSA_1202, SSA_1536, etc.), (v) DNA replication (SSA_1626), (vi) nucleotide 173 transport and metabolism (SSA_0568, SSA_1163, etc.), and (vii) translation, ribosomal 174 structure and protein biosynthesis (SSA_0820, SSA_1272, SSA_1611, SSA_1613,
We also found genes involved in metal ion (zinc, iron and manganese) transport and 177 metabolism (SSA_0136, SSA_0137, SSA_0260, SSA_0261, SSA_1955, SSA_1956, 178 SSA_2365-2367, etc.; Table S1 and Fig. 2B ,C), which are involved in many crucial biological 179 processes and are essential for bacterial survival in the environment or in the infected host 180 (28). In particular, zinc has recently been shown to be essential for pathogenic streptococci in 181 their growth, morphology and virulence during infection (42, 43) .
182
Zinc is required for the promotion of S. sanguinis growth by P. aeruginosa. To further 183 probe the basis for the enhanced S. sanguinis growth mediated by P. aeruginosa, we focused 184 on the role of zinc importers identified in our screen (SSA_0136, SSA_0137, SSA_0260 and 185 SSA_0261; Fig. 2C ). In S. sanguinis SK36, the SSA_0136 and SSA_0137 genes encode 186 components of an Adc zinc ATP-binding cassette (ABC) transporter, which is involved in zinc 187 uptake in several pathogenic streptococci. The SSA_0136 and SSA_0137 genes are called 188 adcC and adcB, respectively (42, 45) . The SSA_0260 gene, also termed SsaB (S. sanguinis 189 adhesin B) (56), is an LraI family lipoprotein and serves as the substrate-binding protein for a 190 Mn/Zn ABC import system (57). The SSA_0261 gene, also named ssaC, is located upstream 191 of SSA_0260 and encodes a putative Mn/Zn ABC transporter permease (UniProt: A3CKL5).
192
The SSA_0260 and SSA_0261 genes are predicted to be co-transcribed.
193
To validate our screen results, the four zinc transporter mutants were further tested in the 194 coculture assay with P. aeruginosa PAO1. We found that the SSA_0136 and SSA _0137 195 mutants showed a ~2-log reduction in growth enhancement relative to that of the wild-type S.
196
sanguinis SK36, while the SSA_0260 and SSA_0261 mutants displayed a 1-log reduction 197 compared the wild-type S. sanguinis SK36 (Fig. 3A ). In addition, the four mutants were also 198 tested in monoculture to determine their growth behavior; the results revealed that these 199 mutants grew like S. sanguinis WT ( Fig. S2 ), suggesting that the growth enhancement 200 deficiency observed for these mutants was not due to a general growth defect.
201
To confirm that the observed growth promotion defect was indeed caused by inactivation of 202 the individual genes, we complemented each of the mutants with its corresponding gene 203 under the control of an IPTG-inducible promoter, as reported (58). As shown in Fig. 3B , the 204 complemented mutants showed growth enhancement phenotypes similar to that of wild-type 205 S. sanguinis SK36, indicating that the mutation in these genes is solely responsible for the 206 observed growth enhancement deficiency. Together, our data indicate that the functions of 207 these genes are required for S. sanguinis SK36 to show enhanced growth in coculture with P. 208 aeruginosa.
209
As zinc-ABC transporters are required for zinc acquisition (42), we reasoned that the defects 210 in growth enhancement of these mutants during coculture might be due to the lack of zinc 211 uptake. Consequently, the effect of supplementing additional zinc to the coculture medium 212 was tested. We first measured the zinc levels of the medium used in our coculture conditions 213 (MEM+L-Gln) and found the concentration of zinc is 0.024 ± 0.007 μM. Supplementation of the 214 medium with 0.1 μM, 1 μM and 10 μM zinc chloride restored the growth enhancement 215 phenotype of each of the mutants to wild-type levels (Fig. 3A) , and growth of the wild-type S. 216 sanguinis SK36 was slightly promoted upon addition of 0.1 μM and 1 μM zinc ( Fig. 3A ). There 217 was no significant difference in P. aeruginosa growth in monoculture or coculture in the 218 zinc-amended and unamended media ( Fig. S3 ). These results indicate that zinc is required for 219 efficient growth enhancement of S. sanguinis during coculture with P. aeruginosa.
220
Notably, zinc added to 10 μM slightly inhibited the growth of wild-type S. sanguinis SK36 and 221 the SSA_0136 and SSA _0137 mutants, but not the SSA_0260 and SSA_0261 mutants ( Fig. 
222
3A), suggesting that high concentrations of zinc are toxic to S. sanguinis, that these zinc 223 transporters play an important role in zinc acquisition, and may have distinct affinities for zinc.
224
As mentioned above, P. aeruginosa can also promote S. sanguinis SK36 growth on airway 225 cells ( Fig. 1D ). To further investigate the role of zinc in the P. aeruginosa-induced growth 226 enhancement, we extended our observation to cocultures on CFBE monolayers. The wild-type S. sanguinis SK36 strain and zinc transporter mutants were cocultured with P.
228 aeruginosa with 1 M zinc chloride added to the medium. Similar to the observations in our 229 coculture model on plastic, the zinc transporter mutants exhibited reduced growth 230 enhancement, and supplementing the medium with 1 μM zinc rescued the growth 231 enhancement defect of these mutants (Fig. 3C ). It is worth noting that there was no significant 232 difference in growth of the wild-type S. sanguinis SK36 and the zinc transporter mutants on 233 CFBE monolayers with or without addition of zinc (Fig. 3D ). The growth of S. sanguinis was 234 enhanced when cultured with CFBE cells even in the absence of zinc ( Fig. 1D ), indicating that 235 CFBE monolayers produce factor(s) other than zinc that can enhance the growth of S. 236 sanguinis. Taken together, these data demonstrate that enhanced S. sanguinis growth 237 mediated by P. aeruginosa requires the zinc importers of S. sanguinis SK36.
238
Coculture with P. aeruginosa upregulates zinc transporter gene expression in S. 239 sanguinis. We next examined the expression patterns of zinc transporter genes in both S. 240 sanguinis and P. aeruginosa using qRT-PCR. As shown above in Fig. 1A , in the first 2 hours 241 of coculture with P. aeruginosa PAO1, S. sanguinis did not show a significant enhancement 242 in growth. The mixed cultures showed a significant trend toward enhanced S. sanguinis 243 growth and exhibited a robust increase in growth at 6 h. We saw no differences between the 244 pure and the mixed cultures when we examined the growth kinetics of P. aeruginosa PAO1 245 over the course of 24 h. As a consequence, qRT-PCR studies were performed on samples of for SSA_0261) when co-cultured with P. aeruginosa (Fig. 4A ). In contrast, the addition of exogenous zinc (1 μM) to the coculture medium reduced the expression of S. sanguinis zinc 254 transporter genes to the same level as monocultures with zinc supplementation (Fig. 4B ). The 255 expression of P. aeruginosa PAO1 zinc uptake and regulator genes (zur, znuA, cntI, cntO) 256 was minimally impacted by the presence of S. sanguinis compared to P. aeruginosa PAO1 257 alone at either 2 h or 6 h ( Fig. S4 ), although the zinc transporters of P. aeruginosa PAO1 were 258 significantly upregulated in monoculture and coculture at 6 h compared to 2 h (Fig. S4 ).
259
Notably, the robust increase in zinc transporter gene expression by S. sanguinis at 6 h 260 corresponds to the induction of P. aeruginosa uptake systems at this same time point. Taken 261 together, our studies are consistent with a model that S. sanguinis zinc transporter genes are 262 induced by zinc deficiency when S. sanguinis is grown in coculture with P. aeruginosa, 263 presumably due to zinc competition between these organisms.
264
Mutations in zinc-related genes of P. aeruginosa promote growth of S. sanguinis in 265 coculture. Our data suggest that in coculture, P. aeruginosa and Streptococcus compete for 266 zinc. As shown above, S. sanguinis SK36 mutants defective in zinc uptake show less robust 267 viability when grown in coculture with P. aeruginosa. Thus, we would predict that mutations in 268 zinc uptake in P. aeruginosa would result in S. sanguinis SK36 more effectively competing for 269 zinc, likely reflected by an increase in viable counts of S. sanguinis.
270
We first assessed the impact of mutating zinc transport systems of P. aeruginosa PAO1 by 271 testing strains with mutations in the cntI, znuA and cntI-O genes ( Fig. 5A-C) . In all cases, 272 coculture with the P. aeruginosa zinc transport mutants resulted in a modest enhancement 273 (~2-3-fold) of growth of S. sanguinis SK36 compared to coculture with the wild-type P. 274 aeruginosa PAO1. One confounding factor in the interpretation of these results is that all of the 275 P. aeruginosa zinc transport mutants show a small but consistent ~50% reduction in growth in 276 coculture, which may be due to the lack of effective zinc transport or other anticipated defects,
277
as reported (35, 37).
In P. aeruginosa, the expression of zinc importer genes is controlled by the Zur protein, a zinc 279 responsive repressor (36), and loss of Zur results in a higher intracellular zinc concentration 280 in P. aeruginosa (37). We generated a P. aeruginosa PAO1 zur mutant and cocultured this 281 mutant with S. sanguinis SK36 with or without zinc addition. Coculture of the wild-type P. 282 aeruginosa PAO1 with S. sanguinis served as the control. In the absence of added zinc, there 283 was no difference in the growth of S. sanguinis SK36 in the presence of the wild-type versus 284 P. aeruginosa PAO1 zur mutant ( Fig. 5D -E). As described above, in mixed cultures of S. 285 sanguinis and wild-type P. aeruginosa PAO1, we found excessive zinc concentration (10 μM) 286 led to a 9-fold decline in S. sanguinis growth compared to cells grown without zinc 287 supplementation ( Fig. 3A and Fig. 5D ). In contrast, mixed cultures of S. sanguinis and P.
288 aeruginosa PAO1 Δzur mutant in the presence of 10 μM zinc resulted in a 3.5-fold increase 289 in S. sanguinis growth compared to that observed for coculture with WT P. aeruginosa PAO1 290 ( Fig. 5D ). Given the protective action of the zinc hyper-accumulating P. aeruginosa 291 PAO1 Δzur mutant towards S. sanguinis SK36, these results further support the idea that P. 
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We examined the relationship between zinc concentration and the relative abundance 
312
Physiologically relevant levels of zinc impact the competition between Streptococcus 313 and Pseudomonas. Given the observations described above, we decided to assess how 314 varying zinc concentrations might impact the competition between various Streptococcus 315 species found in the CF airway and P. aeruginosa (Fig. 7) . For clinical isolates of S.
316
intermedius (two isolates), S. constellatus, S. parasanguinis and S. salivarius, all of which 317 have been found in the CF airway (11), increasing zinc across a range of concentrations 318 measured in sputum resulted in progressively lower viability of many of these streptococci 319 when grown in monoculture ( Fig. 7A ) or in coculture with P. aeruginosa (Fig. 7B) . Thus, many 320 of these strains appear to be sensitive to clinically-relevant concentrations of zinc.
321
Interestingly, two isolates (S. anginosus and S. oralis) showed robust growth even at the 322 highest level of zinc tested, indicating that these strains have increased tolerance to zinc for 323 reasons we do not understand. Interestingly, the data in Figure 6 show that some patients 324 with high levels of zinc in their sputum also have high relative abundance of Streptococcus; 325 perhaps these patients harbor zinc-resistant streptococci.
327

DISCUSSION
328
In this study, we characterized the interaction between P. aeruginosa and S. sanguinis SK36 329 in a dual species coculture model system. We demonstrated that zinc uptake by S. sanguinis 330 SK36 was necessary for the P. aeruginosa-mediated promotion of S. sanguinis SK36 growth, 331 and that P. aeruginosa competed with S. sanguinis SK36 for zinc during cocultivation.
332
Additionally, we described a new association between zinc levels and the abundance of 333 Pseudomonas and Streptococcus in CF sputum, thus highlighting the potential role of zinc in 334 the interaction between these CF pathogens, as well as a potential role for this metal in 335 shaping microbiome dynamics in the context of polymicrobial CF airway infections.
336
We report that co-cultivation with P. aeruginosa results in enhanced growth of S. sanguinis 337 SK36 on either plastic or CF-derived airway cells, while P. aeruginosa growth is relatively 338 unaffected during coculture. These data are consistent with previous reports from our group 339 and others that coculture of streptococci with P. aeruginosa promotes the growth of 340 streptococci, but with no obvious benefit to P. aeruginosa growth (8-10). Interestingly, in a 341 study examining the interactions between P. aeruginosa and oral streptococci, including S. 342 sanguinis (12, 63), P. aeruginosa growth was inhibited when streptococci were grown as a 343 pioneer colonizer; streptococci can produce hydrogen peroxide (H 2 O 2 ) to react with excess 344 nitrite in the medium to generate reactive nitrogenous intermediates (RNI) for the inhibition of 345 P. aeruginosa growth (12, 13, 63) . We note that P. aeruginosa was inoculated in combination 346 with S. sanguinis in our study under conditions that differ from these previous reports, and we 347 did not observe streptococcus-mediated inhibition of P. aeruginosa. These observations 348 suggest that the relationships between P. aeruginosa and streptococci are complex and likely 349 are influenced by metabolic/environmental factors and colonization sequence. Understanding 350 how various in vitro models reflect dynamic in vivo environments will contribute to efficiently 351 synthesizing and better understanding the data obtained from various laboratories. discovered 80 mutants with attenuation in P. aeruginosa-mediated growth enhancement 354 (summarized in Table S1 ). The large number of genes (3.5% of the S. sanguinis SK36 355 genome) found to be involved in this interspecies interaction and the variety of functions 356 performed by these gene products provide new insights into the mechanism(s) of interaction 357 between these two pathogens. Among the candidate genes we identified in our screen, we 358 focused on a set of genes involved in the import of zinc. We demonstrate that the ability to 359 obtain zinc as one factor contributing to the P. aeruginosa-induced enhancement of S. 360 sanguinis SK36 growth, both in the presence and absence of human airway cells. Future 361 studies will focus on the other genes identified in our screen.
362
Our observations here raise the question of whether zinc is a factor that drives growth 363 enhancement of streptococci in the presence of P. aeruginosa, or whether efficient uptake of 364 zinc is required to allow the growth-promoting factors produced by P. aeruginosa to exert their 365 effect. We favor the latter model, in large part because we show that adding additional zinc to 366 monocultures of S. sanguinis SK36 or other streptococci has, at best, a very modest effect on 367 growth of the streptococci. That is, it does not appear that the streptococci are obtaining zinc 368 from P. aeruginosa to enhance streptococcal growth. Instead, we observed that zinc 369 starvation might be triggered by competition for this metal between P. aeruginosa and S. 370 sanguinis SK36. Indeed, the elevated expression of the zinc transporters of wild-type S. 371 sanguinis SK36 in mixed cultures, and the lack of such induction with zinc supplementation in 372 the coculture medium, indicates that S. sanguinis SK36 becomes zinc-starved during its 373 interaction with P. aeruginosa. In contrast, there was no significant change in the expression 374 of P. aeruginosa zinc transporters under coculture conditions, indicating that P. aeruginosa is 375 not lacking for this metal under these conditions; thus it is unlikely that S. sanguinis is "stealing" 376 the zinc in the culture from P. aeruginosa. Taken together, we argue that zinc provided by P.
377
aeruginosa is not a key factor enhancing streptococcal growth in coculture. relative fraction of Pseudomonas and Streptococcus in the CF sputum. In the human body, 380 the zinc concentration varies among different tissues and total zinc concentration in induced 381 sputum from control patients is around 1 μM (50 μg/l) (42, 64), although higher levels of total 382 sputum zinc have been reported in patients with CF (48), a finding consistent with our sputum 383 measurements here. Furthermore, the zinc-sequestering protein calprotectin is present in 384 CF sputum in high concentrations (65, 66), potentially resulting in limited bioavailability of zinc 385 for CF pathogens like P. aeruginosa (49) . Thus, at present it is difficult to conclude how much 386 of the increased zinc measured in CF sputum is actually available to the microbes; knowing 387 the answer to this question is key to understanding disease progression. For example, based 388 on in vitro studies, efficient zinc uptake is critical for P. aeruginosa to express several 389 virulence traits associated with lung colonization, including swarming, swimming motility and 390 the ability to form biofilms (49). It has been shown that high concentrations of total zinc are 391 correlated with airway inflammation (48), indicating that perhaps P. aeruginosa can access 392 some of the large pool of zinc in some circumstances. Furthermore, sputum zinc levels were 393 found to decrease following antibiotic treatment of CF exacerbation (48, 49), again 394 suggestive that loss of access to zinc reduces virulence. Interestingly, we found a possible 395 relationship between the concentrations of zinc and relative abundance of Pseudomonas and 396 Streptococcus, however, because of the relative abundance data available for this analysis, 397 determining a statistical correlation is difficult. Nevertheless, we do note that at higher zinc 398 measured concentrations, the relative abundance of Streptococcus appears to be lower than 399 at low concentrations of this metal, which may be related to the toxicity observed when 400 Streptococcus is grown in high levels of zinc, resulting in impaired growth or death (67).
401
These data do suggest that increased total zinc may be associated with increased 402 bioavailable zinc. A more detailed analysis of the physiology of zinc metabolism in CF sputum 403 and measurements of the bioavailabilty of this metal will be required to definitely address the 404 questions raised here, and these questions should be addressed in future studies.
Bacterial strains, plasmids and culture conditions. Bacterial strains and plasmids used in 407 this study are listed in Table S2 . S. sanguinis SK36 and other clinical streptococcal isolates 408 were grown statically in Bacto™ Todd-Hewitt (TH) broth supplemented with 0.5% (w/v) yeast 409 extract (THY), or on Trypticase™ soy agar plates supplemented with 5% (v/v) defibrinated 410 sheep blood (blood agar) at 37ºC with 5% CO 2 . P. aeruginosa and Escherichia coli strains 411 were grown in lysogeny broth (LB) medium (68) 
